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INVESTIGATION
Assessment of excess fluid distribution in chronic hemodialysis
patients using bioimpedance spectroscopy
BRUCE J. FIsCIT and DAVID M. SPIEGEL
University of Colorado Health Sciences Center, Denver, Colorado, USA
Assessment of excess fluid distribution in chronic hemodialysis pa-
tients using bioimpedance spectroscopy. Sodium and water homeostasis is
abnormal in hemodialysis (HD) patients, however, the distribution of the
excess fluid (extracellular vs. intracellular) has not been fully character-
ized. We studied the distribution of fluid using bioimpedance spectroscopy
to determine if HD patients have an excess of fluid in any specific
compartment relative to controls. Dual-energy x-ray absorptiometiy was
used to measure lean body mass and bone mineral Content. The resistive
index (RI) for extracellular water volume (RIECW), was significantly
increased in patients pre-HD when corrected for bone mineral content
(RIcw:BMC) (pre-HD, 19.0 3.3; controls, 15.8 1.7 cm2-ohms1-
kg1; P < 0.01). This value decreased to the control range following HD
(15.2 2.5 cm2-ohms '-kg I). The intracellular water volume to bone
mineral content (RI1w:BMC) was not different between controls and HD
patients. These data suggest that hemodialysis patients carry their excess fluid
volume primarily in the extracellular compartment and that bioimpedance
spectroscopy coupled with a stable measure of lean tissue such as bone
mineral content can determine the degree of relative excess hydration.
Deranged sodium and water homeostasis is a cardinal feature
of end-stage renal disease (ESRD). ESRD patients who receive
hemodialysis (HD) rely upon prescribed intermittent fluid re-
moval to keep their fluid balance within an acceptable range,
whereas under normal circumstances sodium and water balance is
tightly regulated in a continuous fashion. Failure of HD patients
to achieve true dry weight results in chronic volume overload and
may contribute to overall cardiac mortality [1]. Patients who are
dialyzed below their dry weight may suffer from symptoms of
volume depletion. The HD prescription therefore attempts to
bring patients into a normal state of hydration based upon
physical signs and symptoms.
Theoretically, the state of hydration of an organism can be
assessed by measuring the total body water (TBW) content
relative to a stable, preferably non-water compartment. Classi-
cally, hydration of lean body mass (LBM, defined as all non-lipid
mass) has been defined as TBW:LBM [2—4]. Until recently only
research tools requiring stable isotopes and underwater weighing
were available to measure these parameters. Recent data suggest
that bioimpedance spectroseopy (BIS) can noninvasively measure
TBW [5] and its distribution between intracellular water (ICW)
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and extracellular water (ECW) [5, 6]. Dual-energy x-ray absorp-
tiometry (DEXA) can measure both bone mineral content (BMC)
and LBM [7]. Because BMC is stable in HD patients [8], it may be
valuable to compare TBW to BMC in addition to the TBW:LBM
ratio to assess the hydration status of HD patients.
We hypothesized that HD patients accumulate their excess fluid
primarily in the ECW compartment, and that this accumulation of
fluid can be characterized noninvasively by BIS. Therefore, the
purpose of this study was to compare HD patients with controls
using BIS and DEXA to determine the following: (1) Do HD
patients accumulate excess fluid relative to LBM or BMC? (2)
How does compartmental fluid distribution differ between HD
patients and controls? To accomplish these goals, we compared
BIS values for TBW, ECW, and ICW per LBM or BMC in HD
patients to that in normal controls.
Methods
Patients and protocol
Eleven stable chronic HD patients (5 men, 6 women) and 16
normal adults (8 men, 8 women) were solicited to participate in
this study. HD patients reported to our hospital-based dialysis
unit at 8:00 a.m. on their normal dialysis day. Patients were
instructed to fast during the study period until after completion of
the DEXA scan. Weight was measured to the nearest 0.05 kg
before and after HD in light indoor clothing. Height was mea-
sured to the nearest 0.1 cm prior to HD using a scale-mounted
stadiometer. Each patient underwent a routine HD treatment
(Cobe Centrysystem 3, fixed dialysate composition with sodium
140 mEq/liter, calcium 3.0 mEq/liter, potassium 2.0 mEq/liter,
dextrose 200 mg/dl, bicarbonate 35 mEq/liter) using their stan-
dard prescription and the most recent clinically assessed dry
weight. Before, during, and after HD, patients had BIS performed
in triplicate at 30 minute intervals. Patients remained supine for
the entire treatment. One to two hours after HD, patients
underwent DEXA scanning in the hospital's radiology depart-
ment.
Normal controls underwent BIS measurements in triplicate
before and after lying supine for approximately 45 minutes on the
DEXA scan table. Weight, height, and DEXA scanning were
performed in the same manner for both groups.
Bioimpedance spectroscopy
BIS was performed with a Xitron BIS-4000 Multifrequency
Bioimpedance Analyzer (Xitron Technologies, San Diego, CA,
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Controls Pre-HD Post-HD
Age 35.2 5.2 42.0 14.3 42.0 14.3
Sex (M/F) 8/8 5/6 5/6
Weight kg 72.8 19.1 81.5 19.6 77.5 19.1
Height cm 169.7 10.0 167.4 7.6 167.4 7.6
BMI kg/rn2 25.0 4.9 28.9 6.0 27.5 6.0
LBM kg 50.4 13.1 53.5 12.6 49.5 11.5
BMC g 2890.0±610.5 ' 2803.1 387.0
USA) using the distal tetrapolar lead arrangement. Readings were
done after subjects were lying supine for 5 to 10 minutes (before
dialysis needle insertion), eveiy 30 minutes during the HD
treatment, and 30 minutes after completion of dialysis. The
BIS-4000 was controlled using a 486-based portable computer and
the vendor's software. Impedance spectra were measured using 50
logarithmic frequencies from 5 kHz to 500 kHz. Impedance
results were calculated and stored by the computer. The software
performs an iterative nonlinear curve-fitting protocol for all
spectra which conforms to the Cole-Cole model of BIS in living
tissue [9]. Curve fitting yields the electrical resistances that
correspond directly to ECW (RECW) and TBW (R.1.13). ICW
(R1) can be calculated from RECW and RTBW (see Appendix).
While resistance data from BIS can be converted to absolute
volume terms, doing so relies upon equations derived in specific
populations [10] or from the application of complex physical
principles, such as emulsion theory [10, 11], that may not apply to
whole organisms. A simpler approach is to use the resistive index
(RI), defined as circuit length squared or height2 divided by the
resistance, corresponding to the fluid compartment of interest.
Kushner recently reviewed the principles of bioimpedance analy-
sis concluding that Height2/R is the best predictor of TBW in
heterogeneous populations [12]. ECW is thus represented by the
RI for ECW (RIECW = Height2/R). The ratio of ECW
volume per LBM is therefore given as RIECW:LBM. Similar ratios
can be calculated using the RI's for TBW and ICW.
Dual-enerRj x-ray absortiometiy
LBM, BMC, and fat-mass were measured by a Lunar DEXA
Scanner (Lunar Corporation, Madison, WI, USA) in the Nuclear
Medicine Department at the University of Colorado Health
Sciences Center. Results are reported to the nearest 1 gram LBM,
fat mass, and BMC. This technique has been shown to be accurate
and reproducible for both LBM and BMC [7].
Calculations
The following parameters were calculated for patients and
controls:
ECW Resistive Index = H2/RECW
IW Resistive Index = H2/R1,
TBW Resistive Index = H2/RTBW
LBM (kg) = body weight (kg) — BMC (kg) — fat mass (kg)
Controls Pre-HD Post-HD
RECw ohms 651.5 84.9 541.1 74.8a 677.6 974h
RTRW ohms
(518.9 —786.3)
435.9 66.3
(332.5—548.7)
(393.3— 626.2)
384.9 49.6a
(302.2—458.7)
(496.8— 820.6439.6 47.0
(367.9 —497.5)
R1 ohms 1332.5 287.9
(919.0—1816.3)
1369.4 283.6
(1081.7—2024.1)
1315.2 316.1
(1006.6—2107.5)
H2/RECW 45.4 9.9 53.3 12.3 42.5 9.1
crn2/ohms (32.0—57.4) (40.6—77.9) (33.4— 61.7)
H2/RTBW 68.5 16.7 74.6 15.7 64.8 11.4
crn2/ohms (48.4—97.4) (57.9—101.7) (51.1—83.8)
H2/RICW 23.0 7.2 21.3 4.7 22.3 5.2
cm2/ohms (14.6—35.3) (14.6—29.0) (14.4—29.4)
This LBM calculation differs from those previously reported [2,
3] since our method excludes BMC. Pre-HD LBM was calculated
using pre-HD body wt and BMC and fat mass from post-HD
DEXA scanning. The relative hydration indices were calculated as
follows:
LBM Corrected Resistive Index = H2/Rx:LBM
BMC Corrected Resistive Index = H2/Rx:BMC
where X is ICW, ECW, or TBW, and H = subject height (cm)
Statistical analysis
Comparisons between two groups were performed by non-
paired Student's t-test. Comparisons between three groups were
performed by one-way ANOVA with Tukey post-hoc comparison.
Statistical significance was defined as a P value of < 0.05. All
values are given as mean 1 s except where otherwise specified.
Results
Table 1 lists the demographic data for HD patients and
controls. The groups did not differ in age, height, weight, LBM, or
body-mass index (BMI). Table 2 shows the resistances and the
respective RI volume terms determined from BIS. Although the
RTBW and RECW were significantly lower for HD patients in the
pre-HD state, this was not true when these resistances were
converted to volume terms in the form of Ris.
However, when patients' RITBW and were divided by
either LBM or BMC, to give a relative hydration term, the excess
ECW present in HD patients became apparent. Figure 1 shows
the RIs for ECW, ICW, and TBW relative to LBM. While the
RIECW:LBM tended to be greater in HD than in controls this did
not reach statistical significance. However, there was a significant
decrement in the ratio RIECW:LBM following HD. (Fig. IA)
There were no differences in RI1:LBM or RI.rBw:LBM be-
tween patients and controls.
Figure 2 shows these relative volume terms related to BMC.
Pre-HD, patients had significantly greater RIECW:BMC than did
controls (pre-HD, 19.0 3.3; controls, 15.8 1.7 cm2/ohms/kg; P
< 0.01; Fig. 2A). Although the ratio significantly decreased
post-HD to a value not different from controls (15.2 2.5
Table 1. Patient characteristics Table 2. Resistances and RI volume terms determined by BIS
BMC was only measured post-dialysis
Values are shown as mean SD with range in parentheses.
a P < 0.01 vs. controls
hP < 0.01 vs. pre-HD
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cm2/ohms/kg), 2 of 11 patients fell outside the normal range
(Table 3). One patient remained significantly over-hydrated while
another patient had a relative deficiency of ECW to BMC.
The relative volume of TBW (RITBW) to BMC was not
significantly different between controls and pre-HD patients,
although a significant fall in this term was evident post-HD. There
was no difference in the relative ICW volume (RI1) to BMC
between controls or HD patients.
Discussion
In this paper we have shown that BIS can reproducibly measure
relative volume terms (RIs) for ECW, ICW, and TBW. By
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Fig. 1. ECW, ICW, and TBW resistive indices corrected for lean body mass.
Shown as 25th percentile through 75th percentile (box) with mean shown
as horizontal line and overall range (whiskers). A. RIECW/LBM. B.
RIICW/LBM. C. RITBW/LBM.
Control Pre-HD Post-HD
Fig. 2. ECW, 1GW, and TBW resistive indices corrected for bone mineral
content. Shown as 25th percentile through 75th percentile with mean
shown as horizontal line (box) and overall range (whiskers). A. Rlucw/
BMC, *P < 0.01 versus controls, #P < 0.01 versus pre-HD. B. RIjcwI
BMC. C. RITBw/BMC, *p < 0.05 versus pre-HD.
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Table 3. Hemodialysis values
Pre-HD
RI/BMC
Post-HD Pre-HD
RIECW/BMC RIFCW/LBM
Post-HD
RIECW/LBM
Patient cm2/ohms/kg
1 18.6k' 14.5 0.97 0.82C
2 274k 217b 117b 1.07a
3 225h 16.3 0.91 071d
4 16.8" 16.4 1.04 1.01
5 19.0" 15.4 0.95 0.81c
6 17.4 13.7C 0.93 0.81"
7 17.4 15.4 0.95 0.88
8 18.6" 13.1" 115b 0.89
9 15.5 11.7 0.92 073"
10 18.2" 14.9 1.04 0.94
11 17.6" 14.7 1.01 0.92
Above 1 SD compared to control populationbAbove 2 s compared to control population
"Below I SD compared to control population
dBelow 2 SD compared to control population
expressing these terms relative to a stable measure of lean tissue
such as BMC we have shown that HD patients retain their fluid
volume gains primarily in the extracellular fluid. This finding is in
agreement with a recent report using ultrasound to evaluate
interstitial edema in HD patients [13]. The finding that ICW
volumes are similar in controls and HD patients is consistent with
earlier literature on body composition in uremia [14].
The reason why the difference in RIECW:BMC was significant
while the RIECW:LBM was not can be explained by several
factors. First, DEXA scanning is highly accurate in the measure of
BMC but may have a greater error of measurement in LBM [7].
Secondly, the LBM measured by DEXA or calculated in this
paper is hydrated lean mass (body weight — BMC — fat mass).
Therefore TBW:LBM is truly TBW:(dessicated lean mass +
TBW); thus changes in body water content affect both the
numerator and denominator. The ratio of TBW to BMC is not
affected by this type of error. Furthermore, bone mineral density
has been shown to be stable in HD patients over time [8] and is
reportedly not different from age-matched controls [8] despite the
high incidence of renal bone disease,
Traditionally bioimpedance studies [15, 16] utilized single "low-
frequency" measurements to estimate ECW volume. BIS uses
resistance values measured over multiple frequencies to calculate
an impedance locus based upon the Cole-Cole theory of electrical
conductance. From the impedance locus and RTBW can be
obtained. R1 is calculated from Rucw and RTBW using stan-
dard circuit theory (Appendix). As R1 is a calculated term
derived from two other resistances, it tends to be the most
inaccurate. Using these resistances and the patients' height the
values can be converted to volume terms again based on physical
principles. By not converting these terms to absolute volumes we
avoid the need for the use of linear equations determined in
specific populations. This technique also avoids the need to
employ the emulsion physics principles of the Hanai mixture
theory which were derived in inorganic systems and have not been
validated in whole organisms [17].
An assumption included in the BIS determinations is that the
resistivities (the inherent resistive property) of ICW and ECW are
the same for patients and controls. While these specific resistivi-
ties are not known it is safe to assume that they are different
between the two fluid compartments. While temperature and
electrolyte composition of a fluid affects its resistivity, these values
are relatively fixed within the normal physiologic electrolyte
concentrations compatible with life. Urea, which changes dramat-
ically in HD patients, does not affect resistivity [11].
One concern regarding the method used in this study is that the
ECW volume term (RIECW), which represents a relatively large
body compartment, is divided by BMC, representing a smaller
body compartment. Slight differences in BMC might therefore
cause large differences in the RIECW/BMC term. However, it
should be noted that HD patients and controls had similar BMCs,
and that measurement of BMC by DEXA is highly accurate [7].
Furthermore, the HD patients in our study began with signifi-
cantly elevated RIECw/BMC which returned to the normal range
after HD. Thus BMC serves as a stable denominator while RIECW
changes with HD.
In our dialysis unit dry weight is constantly assessed clinically,
and patients' dry weights are generally lowered if they are
hypertensive, or have not experienced cramps, hypotension, or a
washed-out feeling post-HD within several months. Therefore, it
was not surprising that most although not all patients return to a
normal hydration of BMC following dialysis. The fact that one
patient fell below the normal range suggests that clinical measures
of hydration are crude at best.
In summary, we have shown that measurement of body water
compartments by resistive indices when compared to a stable
measure of lean mass can be used in HD patients to demonstrate
hydration status. This method confirms that most of the excess
fluid accumulated interdialytically exists in the extracellular space.
Further studies are needed to understand the clinical implications
of the excess hydration that occurs in some patients post-HD as
well as the apparent deficient hydration that occurs in other
patients following HD.
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Appendix
Calculation of R1: Assuming a circuit with net resistance equal
to and two separate resistors, and Ricw, in parallel, the
resistances have the following mathematical relationships:
= (RE x RI)/(RE + R,,), and
R1 = (RE X R.rBw)/(RE -Rw)
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